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Deep Drawing of Glass Fiber Reinforced Thermoplastic Composite
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ABSTRACT
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1. Introduction the study of the material behavior and forming
techniques of such composites has attracted con-
Fiber reinforced polymeric composites provide siderable attention in recent years “®. One of the
the desirable properties of high strength and stiff- most promising of the forming techniques of ther-
ness as well as low specific weight. Hence, they moplastic composites is solid-phase forming.
have become some of the most important materi- Solid-phase forming is the forming process in
als in the automotive, aerospace and other indus- which the part is formed at temperatures between
tries *¥, their glass transition temperature and melting
These composites can be grouped into thermo- point. The major advantages of solid-phase form-
plastic composites and thermoset composites, ing are very short cycle time and good surface fin-
with thermoplastic composites having several ish ©.
advantages over thermoset composites in mechan- Since Ito reported the deep drawing of plastics
ical properties and in processing “?. As a result, at room temperature and test methods for drawa-
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bility in the 1950's"”, many studies have been
done to investigate the formability of plastics.
Several researchers have applied metal working
techniques to the solid-phase forming of plastics
in cup forming, for example, Broutman and
Kalpakjian ™", Di Pede and Woodhams “?, Faz-
zari et al. “¥, and Prevorsek at al. *¥. War-
shavsky and Tokita suggested that the modified
cup test was the most reliable for measuring cold
drawability of the thermoplastic sheets “¥. The
theory of deep drawing of metals was also applied
to thermoplastics by Evans “® and Miles and
Miles *” Several finite element analyses to predict
the behavior of polycarbonate sheets under simple
solid-phase cup forming process were made by
Lee and coworkers &%,

The above works were all performed using unre-
inforced plastic materials. In contrast, solid-phase
forming processes for thermoplastic composite
materials have received much less attention.
There is still a need for more studies about the
formability of thermoplastic composite sheets. In
most cases, thermoplastic composites processing
conditions are established based on experience. A
number of test conditions should be done to get a
satisfactory result. This is very costly and ineffi-
cient. Therefore some research has been done in
modeling the forming process of thermoplastic
composites. Especially, development of a model
for thermoplastic composites is very important in
improving process design and operation.

The objective of this research has been to model
the forming process of thermoplastic composites
and to investigate the formability of a particular
composite sheet in solid-phase forming. This ana-
lytical work was done to predict strain distribu-
tions according to the plane stress theory.

2. Analysis Method

The analytical model described here is based on
the axi-symmetrical plane stress characteristic
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theory described by Szczepinski ®. The basic
assumption for plane stress conditions is T, =0 ,
with O,and O, which are distributed uniformly
across the thickness of the sheet. The material
used in this analysis is assumed to be incom-
pressible. The yield stress of the material is con-
sidered as function of temperature only. For axial
symmetry, the equilibrium equation under the

plane stress condition can be written as ®2:

%(a,rh) -0h=0 @D

where h is the thickness of the sheet and r is
radius of an element as shown in Fig. 1.

Fig. 1 Descriptions of a force balance element for analysis of
axisymmetric cup forming.

The incompressibility condition can be expressed
as:

de, +dey+de, =0

)
The strain rate dé, and dey can be expressed
in terms of radial velocity V, as:

V
de, = - 3
r or €o r ()




The strain rate of thickness deh can be represent-
ed by making use of the formula for a thickness
increment in an element:

dn =g+ P gy (4)
ar ot
1,6h oh
de, = —(Z+v, 2 5
Ep h((% r&r) ()

With Equations (3) and (5), the incompressibil-
ity equation can be represented by

1, 0h

oV, V,
—(—+ +—L=
hot
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The Von Mises yield condition, with rotationally
symmetric anisotropic yield represented by a sin-

gle R-value following Hill’s theory of anisotropy

(22, 23) -
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where the parameter R represents the ratio of
the width to thickness strains in a uniaxial ten-
sion test and Y is the yield stress. The flow rule
associated with Equation (7) takes the form:

de deg

I

®)

or
1+R

% %IRRT

There are four equations : the equilibrium
equation (1), the incompressibility equation (6),
the yield condition (7) and flow rule (8), and four
unknowns * O, O V and h. To solve a set of
four equations, the method of characteristic is
used. The differential equations of the first family

of characteristics are

dr=Vdt=0
dh _h o, +0,
dr r Ro,-(1+R)o,

®
10

90

These characteristics describe the path of par-
ticular particles in the r, t plane, that is, the
stress and deformation history which a particle
undergoes. Whereas, the differential equations of
second family of characteristics are

t = constant 11
R
v, V.71 R% 12)
ar r Oy - R o,
1+R

These characteristics represent deformations of
all the particle at each instant. Fig. 2 describes
the cup forming process with the first and second
families of characteristics. Along the characteris-
tics of the second family, the following differential
equation can be derived from the equilibrium
equation as follows:

— — Firat family
—— Second family
100 T T 4 v T T
~~~~~ “--.._ 4 — Outside blank
g | B ]
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Time
Fig. 2 Descriptions of the first family and second family of
characteristics.
dh ko, -0, h do
=TT (13)
dar r o, o, dr

An auxiliary function @ is made such that the
Von Mises yield condition is satisfied. Then the
stress components O, and Oy can be expressed
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as:
g, =Y 2R+1 cos(w - ¢) 14)
R+1
Oy = Y 2R+1 cos(w + ¢) 15)
R+1

1

where ¢ =tan”

1
V2R +1
Substituting these relations into the differential
equations of characteristics, we have the final form of
equations for the first family of characteristics:

dr-Vdt=0

dh h cos(w — ¢) + cos(w + ¢)
dr  r Rcos(w - ¢) - (1+ R)cos(w + ¢)

(16)
an

For the second family of characteristics, where
t= constant, we have

ﬂ= v cos(w+¢)—%cos(a)—¢)

(18)
ar T os(w-¢)- %cos(w +¢)
dh _h,_cs(@+9) _gde _hdY
drr ! cos(® - ¢) +htan(o - ¢) dr Yar 19)

In order to solve these ordinary differential equa-
tions, it is necessary to find the stress boundary con-
dition and the velocity boundary condition with some
additional approximation. One of the basic assump-
tions of this theory is that the material is rigid-per-
fect-plastic, but stress is considered as a function of
strain rate and temperature. And another assump-
tion is that the radial stress at the end of the blank
is zero, that is, o, = 0. Thus along this end line, the
value of w equals to x/2 + ¢ because the circum-
ferential stress is compressive for the cup forming
process. Now to integrate the differential equation,
the Equation (19) can be rewritten for dew/dr as:

do__ 1 1dv 1 du
dr tan(w-¢)Y dr htan(w - ¢) dr
N 1 1- cos(w + ¢))
rtan(w - ¢) cos(w + ¢)

where dY/dr is obtained from the difference of

(20)
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values of yield stress between neighboring nodes,
which can be obtained from the material test
under the same conditions of sheet forming (tem-
perature, punch speed). For the first step, thick-
ness is assumed to be uniform at every node.
With this initial condition and with the stress
boundary condition, in doing the integration of
this differential Equation (20), fourth order
Runge-Kutta methods are used *?. For the next
step integration, the thickness difference dh/dr
can be calculated from the Equation (17).

Once the value of @ at each node has been cal-
culated from the Equation (20), the velocity
boundary condition is applied at the boundary to
integrate the differential Equation (18). Here the
velocity condition is based on a geometric calcula-
tion of the movement of the material in the punch
profile region. Any material initially lying beneath
the flat bottom of the punch is assumed to not
deform, while material beneath the punch profile
region is assumed to wrap without thickness
change over the punch profile as the punch moves
into the material. The deformation computed is
uniform around the circumference, with thickness
constancy maintained exactly. Based on the
movement of the material in the punch profile
regions and taking into account the slope of free
section of the sheet which is assumed to be
straight between the punch and die, the velocity
required to keep the continuity between material
in the punch and material outside the punch
region is computed. The velocity boundary condi-
tion in sheet direction is applied to the point
which is computed punch contact point for the
next stage. By using the geometric relationship
between the velocity in radial direction and the
velocity in sheet direction, the integration of the
differentia}l Equation (18) is performed.

3. Experimental Investigation

The material used in the this research was 30



% glass fiber reinforced polypropylene composite
sheets manufactured by AZDEL. The average
glass fiber length and diameter were reported by
the manufacturer to be 12.25 mm and 16 #m,
respectively, and the glass transition and the
melting temperature of the matrix were -10 °C
and 165 °C. The thickness of the sheet was 3.18
mm,

The yield strength of the composite was evalu-
ated using tension tests. The tests were per-
formed on an MTS tension test machine with a
high temperature chamber to obtain yield stress
measurements at different temperatures and
strain rates. For each test, the specimen was
kept in the chamber for 30 minutes to allow it to
reach the desired temperature before testing The
overall tension test procedure followed ASTM
D638 as closely as possible. The R-value of each
sample was calculated by measuring the thick-
ness strain and transverse strain measured after
fracture and cooling. Because no clear relation-
ship was found between strain rate and yield
stress over the range from 0.001/sec to 0.01/sec,
the effect of strain rate was neglected in this
study. Fig. 3 shows how the measured yield
stress varied with temperature and strain rate for
the material. Points in the figure are the experi-
mental results and lines are interpolated between
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&
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Fig. 3 Measured yield stress for 30 % glass fiber reinforced
polypropylene composite.
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experimental data. Since no significant trend of
R-value with temperatures is observed, the average
R-value, that is, R=0.49, was used in the analysis.

The cup forming test is one that has been widely
used to test the formability of sheet material. This
forming process is composed of two main deforma-
tion, that is, compressive deformation in the hoop
direction and tensile deformation in the radial direc-
tion. The formability depends upon lubrication and
tooling, as well as on material properties in the
sheet. In this study, a number of cups were formed
to test the formability of a specific material and to
compare with the analytical predictions. Circular
cups were formed from circular blanks on a modified
double-acting PHI hydraulic press. The experiments
were performed at temperatures ranging from 110 °C
to 150 °C, with the radial temperature gradient in
the sheet varied for each setting. The blank geometry
and forming parameters used for each cup are sum-
marized in Table 1. The geometry of the punch and
die used for these tests is given in Table 2. A sample
formed cup at temperature of 135 °C is shown in Fig.
4. To measure the strains in the formed cups, an
automated strain measurement system was
USed(Z&M).

Table 1 Blank size and forming parameters.

Temperature (°C) 110, 135, 150
Cup shape Circular
Blank shape Circle
Blank size (mm) 184, 190
Punch speed (mm/sec) 0.4
Punch depth (mm) 40, 45
Table 2 Die and punch geometry.
Punch size (mm) 101.6
Die size (mm) 114.3
Clearance (mm) 6.4
Punch profile radius (mm) 12.7
Die profile radius (mm) 12.7
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Fig. 4 A sample cup formed at temperature of 135 °C.

&

4. Comparison and Results

To find the effect of R-value on the strain dis-
tribution, the cup strains at various R-values are
shown in the Fig. 5. The forming temperature of
150 °C and the punch depth of 40 mm were used
in this analysis. When the R-value was increas-
ing, the major strain and minor strain were also
increasing.

Although the material was initially assumed to
have uniformly distributed fiber orientation in the
plane of the sheet, it became clear during testing
that the production of the sheet had induced a
preferred fiber direction. As a result, both the
shape of the formed cup and the measured strain
distributions were not symmetric. For the com-
parison of strains along a radial line, strain-dis-
tance figure was plotted. The major and minor
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Fig .5 Predicted strain distributions at various R-values
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Fig. 6 Comparison of predicted and experimental strains at
100°C along a radial section.

strains obtained from three different radial sec-
tions are shown in Fig. 6. Strains in the middle of
the thickness along the diagonal of the cup were
compared. Qualitative agreement between the
average of measured major or minor strains and
analysis can be seen.

Wrinkling is an undesirable mode of deforma-
tion in deep drawing. It is caused by the compres-
sive hoop stress induced by the drawing force. It
is very important to anticipate and predict wrin-
kling in a forming process because it results in an
unacceptable surface appearance and a potential-
ly weakened part. Necking is also undesirable in
deep drawing because it weakens the final prod-
uct. The wrinkling and necking in the formed cup
are shown in Fig 7.

wrinkling

Fig. 7 Wrinkling and necking observed on the formed cup.



5. Conclusion and Recommendation

The plane stress analysis described in this work
has been applied to the modeling of glass fiber
reinforced polypropylene composite sheet forming.
As shown in Fig. 5, this approximate method cap-
tures the main trends of the data. However, there
is a discrepancy in a defined section with the
measurements in the preferred fiber direction and
direction perpendicular to the preferred direction
which the model is not able to take into account.
One of main sources of this error is the fact that
the axi-symmetric model can not incorporate the
planar anisotropy of the material. Therefore, for
better analytical results, a three dimensional
model including planar anisotropy should be
developed for this composite forming. The high R-
value means larger minor strain than that of low
R-value when the thickness strain is fixed.

The existence of a preferred fiber direction in
this material makes the formed cups unsymmetric
in shape which may be undesirable in forming
parts. As expected, the forming limit for wrinkling
was related to the preferred fiber direction and
associated with the R-value. Forming without
necking for this tested material was limited to
small major strains, typically less than 10 per-
cent.

Better formability was observed for this compos-
ite material sheet with a flange region tempera-
ture ranging from 130 °C to 150 °C.

References

1. Bigg, D. M. and Preston, J. R. “Stamping

of Thermoplastic Matrix Composites’ Poly-

mer Composites Vol. 10 No. 4 pp 261-268, .

1989.

2. Crosby, Jane M. "Recent Advances in Ther-
moplastic Composites” Advanced Material
and Processes Inc. Metal Progress pp 56-59,
1988.

94

10.

11.

12

Fallon, Michael R. "Thermoplastic Sheet
Stamping : Ready for the Big Time  lastic
Technology pp 95-103, 1989.

Muzzy, J. D. , Wu, X. and Colton, J. S.
“Thermoforming of High Performance Ther-
moplastic Composites’ ANTEC pp 1465-
1470, 1989.

Tennyson, R. C., Waterhouse, T. A., New-
man, Takemori, S., M. and Wright, A. N.
“Panel Discussion on : Thermoplastics vs
Thermosets in Advanced Composites’ Poly-
mer Composites Vol. 8 No. 6 pp 437-440,
1987.

Smiley, A. J. and Pipes, R. B. “Analysis of
the Diaphragm Forming of Continuous Fiber
Reinforced Thermoplastics’ Journal of Ther-
moplastic Composite Materials, Vol. 1, pp
298-321, 1990.

Tsahalis, D. T., Pantelakis,S. G. and
Schulze, V. “Modeling of the Diaphragm
Forming Technique Applied to Continuous
Fiber Reinforced Thermoplastic Composites”
Processing of Polymers and Polymeric Com-
posites MD-Vol. 19, pp 91-101, 1990.

Wu, Xiang ‘Thermoforming continuous Fiber
Reinforced Thermoplastic Composites” Ph.
D. Thesis, Georgia Institute of Technology,
1990

Bigg, D.M., Hiscock, D.F., Preston,
J.R..and Bradbury, E.J. “Thermoplastic
Matrix Sheet composites” Polymer Compos-
ites Vol. 9, No. 3, pp 222-228, 1988.

Ito, K. “The Plastic Working Ability Test of
Sheet Plastics by a Deep Drawing Process’
Proceedings of the Third U.S. National Con-
gress of Applied Mechanics, pp 563, June,
1958.

Broutman, L. J. and Kalpakjian , S. “Cold
Forming of Plastics” SPE Journal, Vol. 25,
pp 46-52, Oct. 1969

Di Pede, Sandro and Woodhams, Raymond
T. “Deep Drawing Self-Rein-forced Thermo-



FBLF A A13d A8Z (1996 8Y)

13.

14.

15.

16.

17.

18.

plastic Sheet’ Polymer Engineering and Sci-
ence Vol. 30 No. 19 pp 1185-1199, 1990.
Fazzari, A. M., Hofer, P. H., Backie, R. L.,
and Luther, C. H. “Stamping of Azdel
Reinforced Thermoplastic Sheet” SPE 30th
Annual Technical Conference, pp 500-506,
May, 1972,

Prevorsek, D. C., Koch, P. J., Oswald, H.
J.. and Li, H. L. “Cold Forming of Plastic
Part II. Draw Forming of Laminates Con-
taining Crosslinkable Core” Polymer Engi-
neering and Science, Vol. 11 No. 2, pp 109-
123, Mar. 1971.

Warskavsky, M. and Tokita, N. “Cold
Drawability of Thermoplastic sheets’ SPE
Journal , Vol. 26, pp 55-58, Aug. 1970.
Evans, Robert E. “The Mechanical Behavior
of Thermoplastic Materials in Deep Drawing
Process’ Polymer Engineering and Science
Vol. 18, No.1, pp 65-73, 1973.

Miles, M. J. and Mills, N. J. “The Deep
Drawing of Thermoplastics’ Polymer En-
gineering and Science Vol. 17, No. 2, pp
101-110, Feb. 1977.

Lee, D.and Luken, P. C. “Material Modeling
and Solid Phase Forming of Polycarbonate
Sheet” Polymer Engineering and Science

%

19.

20.

21.

22.

23.

24.

Vol. 26, No. 9, pp 612~619, May, 1986.
Lee, D., Amoedo, J., Jung, G., and Vogel,
J. H. “Solid-Phase Processing of Ther-
moplastic Materials" Proceedings of the
14th Conference on Production Research
and Technology, University of Michigan,
Ann Arbor, MI, 1987.

Szczepinski, Wojciech, Introduction to the
Mechanics of Plastic Forming of Metals,
Sijthoff and Noordhoff Interna-tional Pub-
lishers B. V., Alphen aan den Rijn, Nether-
lands, 1990.

Hill, R., The Mathematical Theory of Plas-
ticity, Oxford University Press, London,
1983.

Gerald, Curtis F. and Wheatley, Partrick
O., Applied Numerical Analysis, Addison-
wesley, June, 1989.

Vogel, J. H. and Lee, D., “Computerized
Method of Determining Surface Strain Dis-
tributions on a Deformed Body" U.S.
Patent No. 4969106, 1989,

Vogel, J. H. and Lee, D., “An Analysis
Method for Deep Drawing Process Design’
International Journal of Mechanical Sci-
ences, Vol. 32, pp 89107, 1990.



